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In the present work we show that a special family of materials, the metal carboxylates, may have 
entangled states up to very high temperatures. From magnetic susceptibility measurements, we 
have estimated the critical temperature below which entanglement exists in the cooper carboxylate 
{Cu2(02CH)4}{Cu(02CH)2(2-methylpyridine)2}, and we have found this to be above room tem- 
perature (Te ~ 630 K). Furthermore, the results show that the system remains maximally entangled 
until close to ~ 100 K and the Bell's inequality is violated up to nearly room temperature (~ 290 
K). 

PACS numbers: 



INTRODUCTION 

Entanglement is the key resource for the majority of 
applications of the recent growing field of quantum in- 
formation and quantum computation P, Q . This unique 
quantum phenomenon was until a few years ago thought 
to exist only in systems with small number of particles 
at very low temperatures. However, recently it has been 
discovered that entanglement can also be present in sys- 
tems containing a large number of particles at finite tem- 
peratures 0, U 0| ■ The presence of entangled states in 
thermal systems has been studied in a few experiments 
involving magnetic materials @, 0, H, S [13, El ■ 

Vlatko Vcdral has stated three basic motivations 
for studying entanglement in many body systems: (i) 
the need to know the limits of the entanglement, i.e., 
how large systems can support entanglement and how 
robust entanglement can be against temperature; (ii) the 
question whether entanglement can be used as an order 
parameter for quantum phase transition and, (iii), the 
need for novel materials which can be used for practi- 
cal applications in quantum computation and quantum 
communication. Materials in which robust and useful 
entangled state can be found naturally could be of great 
relevance to design quantum solid state devices or as a 
source of entanglement [isj . By useful entanglement we 
mean entangled states that can be used to implement 
quantum protocols, which are more efhcient than their 
classical counterpart. For instance, in quantum cryp- 
tography applications and quantum communication com- 
plexity tasks, the useful entangled states are those who 
violate Bell's inequalities (l4. 15|. 

Molecular magnets [31 can be an excellent physical re- 
alization of spin chains, providing good opportunities for 
studying the above topics. In this class of materials, the 
intermolecular magnetic interactions are extremely weak 
compared to those within individual molecules. A bulk 



sample, comprised by a set of non-interacting molecu- 
lar clusters, is therefore completely described in terms of 
independent clusters. From a physical point of view, a 
molecular magnet can combine classical properties found 
in any macroscopic magnet [lit ^^'^ quantum proper- 
ties, such as quantum interference [l3l and entanglement 
[3 J J , [13, [ill ■ Recently, molecular magnets have been 
pointed out as good systems to be used in high-density 
information memories and also, due to their long coher- 
ence times Il8| ■ in spin based quantum computing devices 



The existence of entangled states in molecular mag- 
nets is due to the fact that some molecular spin chains 
can have an entangled ground state. The separation be- 
tween the ground state and the excited states energies 
is an important parameter which determine the temper- 
ature of entanglement (Te), i.e. the temperature where 
the thermal state of the molecular magnet become sep- 
arable. In the most simple chain, dimers, one can state 
that stronger is the exchange interaction energy, higher 



wiU be Te [11|. 



In this paper we show that a special family of molecular 
magnets (metal carboxylates) can support entanglement 
above room temperature. We have found in the com- 
pound {Cu2(02CH)4}{Cu(02CH)2(2-methylpyridinc)2} 
that Te ~ 630 K. Furthermore, we could also conclude 
that the system remains in a pure maximally entangled 
state up to ^ 100 K and the Bell's inequality can be 
violated up to the room temperature (~ 290 K). This 
paper is organized as follows: In the next section we give 
a brief description of the system studied here. The fol- 
lowing section contains a study of the entaglement in the 
compound and in the last section, some commets and 
conclusions are drawn. 
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FIG. 1: Metal carboxylate conformation types. Magnetic be- 
havior of this class of materials strongly depends on the con- 
formation type. M means metal and L stands for ligand. 
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TABLE I: Selected bond lengths and angles, rele- 
vant for the magnetic properties observed for compound 
{Cu2(02CH)4}{Cu(02CH)2(2-methylpyridine)2}. Cud - 
dimer copper, Cum - monomer copper, Oap - apical oxigen, 
Oeq - equatorial oxigen. 



THE COMPOUND 



Metal carboxylates [24, 2^, 2^, 27 1 are compounds that 
can present a wide variety of topologies, compositions, 
and also allow multiple conformation environments, as 
shown in FiglTJ A particularly interesting case of con- 
formation in these compounds is the syn-syn. In this 
structure, a metal poli-carboxylate cluster, usually called 
paddle-wheel (see figure [DJa)), is formed. These clus- 
ters are characterized by a four bridged M-M unit (i.e., a 
dimer), where the M ions are in square pyramidal coordi- 
nation with parallel basal planes. The available superex- 
change pathways observed in these compounds, instead of 
direct exchange, allows an antiferromagnetic (AF) mag- 
netic exchange ( J/fcs) of magnitude in the order of hun- 
dreds of degrees. This can be understood by recogniz- 
ing that the unpaired electron occupies the dx^-y^ or- 
bital pointing to the bridging oxy gen , while the over- 
lap between dz^ orbitals is small [28|. The magnetic 
interaction within the paddle-wheel dimer is therefore 
consistently both strong and antiferromagnetic, features 
that allows high entanglement temperatures llj . Despite 
their strong intra-dimer interaction, these paddle-wheel 
compounds may still retain their low dimensional char- 
acter due to the large distances between the magnetic 
centers. Conversely, the syn-anti and anti-anti confor- 
mations exhibits a rather weak magnetic interaction, that 
can be either ferromagnetic (FM) or antiferromagnetic, 
depending mainly on the nature of the ligand (L) and the 
planarity of the carboxylate group. 

Therefore, we have chosen a specific com- 
pound, namely {Cu2(02CH)4}{Cu(02CH)2(2- 
mcthylpyridine)2}, that consists of copper dimer 
and copper monomers. The dimer is formed by opposing 
square pyramidal CUO5. The base oxygens on the 
adjoining pyramids are part of the four-connecting 
carboxylate groups in a syn-syn conformation which 
leads to a strong magnetic interaction between the 
dimer's atoms. The Cu-Cu distance in this ensemble is 
2.63 A. This square pyramid is slightly distorted form 
the tetrahedral shape, with an average Oap— Cu— Og,, 
angle of about 95°. The apical oxygen of the pyramid 
is connected, via another carboxylate group, to the 
Cu(2-mcthylpyridine) in a syn-anti configuration. This 



copper, the monomer, is in a pseudo-octahedral coordi- 
nation with four oxygens - two from each carboxylate 
group along the chain and two opposing nitrogen ions 
from the mcthyl-pyridine group. These alternating 
dimers and monomers extend in one direction forming 
a chain of alternating dimers and monomers (or a 
syn-syn-anti progression) where the magnetic interaction 
between the dimer's atoms is strong, and weak between 
the dimer and the monomer. The 2-methylpyridine 
groups coordinating the monomcric copper ion act as 
spacers which arc placed alternating along the chain. 
This large methylpyridine group, as well as the absence 
of any exchange path between chains, prevents any 
significant inter-chain magnetic interaction, making this 
system magnetically one-dimensional down to the lowest 
measured temperature. The Table (|l| lists some selected 
structural parameters for this compound. 

Since the syn-anti magnetic interaction is typically 
weaker than the syn-syn 23, 3^ , the magnetic properties 
of the compound can be modeled considering a superpo- 
sition of a dimer susceptibility with a Curie- Weiss type 
susceptibility: 



X = Xd + Xri 



(1) 



The first term corresponds to the dimer magnetic suscep- 
tibility and for low magnetic fields it is given by (sij : 



Xd 



(2) 



where g is the Landi^i factor, //s is the Bohr magneton 
and ks is the Boltzmann constant. The second term in 
P]) represents the magnetic susceptibility of the monomer 
and, since it only interacts with a static magnetic field, 
its susceptibility just follows the Curie law Xm = C/T. 
The experimental results were then fitted according to 
this model and the parameters were found to be J/ks = 
-693.15 K, g = 2.21 and C = 7.02 x lO^^ K fiB FU^^ 
Oe~^. In figure ^ we show a comparison between the 
model and experimental data. 
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FIG. 2: (Color on line) Detailed view of the structural motifs of {Cu2(02CH)4}{Cu(02CH)2(2-methylpyridine)2}. a) Dicopper 
tetracarboxylate dimer unit, b) Copper dimethyl-pyridine monomeric unit and c) view of the chain formed by alternating dimers 
and monomers. 



ENTANGLEMENT 

The task of entanglement quantification is still an open 
problem in general case (for a recent review see j32l|). 
Hence, usually the detection of entanglement is done us- 
ing a quantity called Entanglement Witness (EW). The 
concept of Entan glem ent Witness was first introduced by 
Horodccki et al. [33[. An EW is an observable which is 
capable to identify whether a system is in an entangled 
state. For a spin chain, such a witness can be directly 
proportional to the magnetic susceptibility jsj] : 



EW{N) = 



{giiBYNS 



1, 



(3) 



where N is the number of spin— particles and x is the 
average of the magnetic susceptibility measured along the 
three ortogonal directions. For this witness, there will be 
entanglement in the system if EW{N) < 0. In figure 
m the entanglement witness obtained from the measured 
magnetic susceptibility is shown as a function of the tem- 
perature. The witness is negative up to nearly room tem- 
perature, showing the presence of entanglement in the 
system. 

To quantify the amount of entanglement in the dimer, 
we can use a quantity called Concurrence |35j . For two 
qubits described by the quantum state p, the concurrence 
C is defined as [35|: 



(4) 



C = max(0, V Al 



where A's are the eigenvalues of R ~ pay ® ayp*ay (8) (Jy, 
labeled in decreasing order. The degree of entanglement, 
obtained form this quantity, varies from to 1, and a pair 
of spins is considered to be in a maximally entangled state 
if C = 1 and separable when C = 0. For any other values 
the state of the spins is said to be partially entangled. 
Using the dimer density matrix pd, it is possible to show 
that: 



C = max 



0,- 



6 



3 + p-J/kE 



1 



(5) 
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FIG. 3: Magnetic susceptibility as a function of temperature 
with an applied field of 100 Oe. The points are the experi- 
mental results and the solid line is the theoretical prediction, 
based on the dimer-monomer model, as discussed in the text. 
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(gtJ'By 



(6) 



The equation ^ shows that the concurrence of the 
dimer is also related to the magnetic susceptibility, which 
can be obtained experimentally. On figure O the concur- 
rence calculated according to the equation ^ is shown, 
and the solid line is the theoretical prediction of the equa- 
tion ^ with parameters g, J, and C obtained from the 
fit to the experimental susceptibility (see Fig. 2]). An 
interesting result is that the spins of the dimer remain 
maximally entangled up to ~ 100 K. From equation (O, 
we can estimate the critical temperature below which en- 
tanglement exists as being Tg = — J/A:Bln(3) ~ 630 K, 
which is well above room temperature. It is important to 
emphasize that the high value of the exchange integral J 
is due to the syn-syn conformation and thus any material 
with such kind of conformation are strong candidates to 
contain entanglement at high temperatures. 
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FIG. 4: Experimental entanglement witness derived from the 
magnetic susceptibility measurements. The points are the 
experimental results and the solid line is the theoretical pre- 
diction, based on the dimer-monomer model, as discussed in 
the text. 
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FIG. 5: Concurrence as a function of temperature. The points 
are the experimental results and the solid line is the theoret- 
ical prediction, based on Eq. ([5]). 



The violation of Bell's inequalities is of great impor- 
tance to quantum information science. These inequalities 
are closely related to the usefulness of entangled states 
0, EE]- In particular, Bell's inequalities violations are 
related to the security of cryptography protocols and 
are a necessary and sufficient condition to the usefulness 
of quantum states in communication complexity proto- 
cols A Bell's inequality test for two qubits involves 
measurements of a set of correlations functions, which for 
a magnetic system are the correlations of the magnetic 
moments along specific directions [sij . For a system with 
two spin 1/2, the test involves the measurement of the 



FIG. 6: The mean value of the Bell operator as a function of 
temperature. The points are the experimental results and the 
solid line is the theoretical prediction, based on Eq. 



mean value of the Bell operator given by: 
B ~ fii ■ (7 {n2 ■ a — ■ a) + ■ (J (^2 -(J + n^-a) (7) 

In the above equation, ft ■ a is the projection of the 
spin in the direction n. For any separable state, the 
mean value of Eq. ([7]) satisfies the relation \{B)\ < +2, 
and whenever this inequality is violated, the system is 
in an entangled state [37|. There is a particular set 
of directions for which the violation reaches its maxi- 
mum. The ground state of an antiferromagnetic dimer 
violates maximally the Bell's inequality if we choose 
ni, n2, and as being (0,0,-1), (— 1, 0, — 1)/\/2, 
(—1,0,0) and (— 1,0, l)/'\/2, respectively. Then, us- 
ing this set of directions, the Bell operator becomes: 
B = \/2(o'z ® Oz + cTx ® <Tx)- Using the dimer density 
matrix, pd, to calculate the correlations {uz ® <7z) and 
{(jx ® (Jx), it is easy to show that: 



1(6)1 = 4x/2 
= 4\/2 



3 + e-'Vfcfli^ 
kBTix - C/T) 1 



(8) 
(9) 



From equation ([9]), it is possible to verify whether the 
entangled state of the system violates the Bell's inequal- 
ity or not. On figure [6l the mean value of the Bell opera- 
tor as a function of the temperature is shown, along with 
its theoretical prediction. From the figure [6l we see that 
the Bell's inequality is violated below ~ 290 K and maxi- 
mum violation is observed for temperatures below ~ 100 
K, which is compatible to the previous result, obtained 
from the concurrence, i.e., the system remains maximally 
entangled up to ~ 100 K). 
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CONCLUSION 



In summary, we identified a family of mag- 
netic materials that can support entanglement at 
very high temperatures, namely metal carboxylates 
with syn-syn conformation. As an example, we 
choose the compound {Cu2(02CH)4}{Cu(02CH)2(2- 
methylpyridine)2}, and for this material we determine 
that the critical temperature below bipartite entangle- 
ment exist is Tf, ^ 630 K. Furthermore, we could also 
conclude that the system remains maximally entangled 
up to ~ 100 K and the Bell's inequality can be violated 
up to close room temperature (~ 290 K), which is a spe- 
cial feature of this material, since Bell's inequalities are 
of great importance to Quantum Computation 



14, 1 



The critical temperature estimated in this work is the 
highest value reported in the literature and the identifi- 
cation of this class of materials can open the way doors 
for new researches toward a solid state quantum devices. 
In addition, we are convinced that other systems can sup- 
port entanglement at even higher temperatures, since ex- 
change magnetic coupling as high as that provided here 
has been reported in the literature [sst - 
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